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Introduction
Rechargeable lithium ion batteries (LIBs) have received great attention owing to their environmental friendliness, non-memory effect, and high energy density 1 . Graphite has been the dominant anode material for the LIBs with many advantages such as facile synthesis, abundant resources and low volume expansion/contraction of 9% 2 . However, the theoretical capacity of graphite for the LIBs is 372 mA h g -1 ( LiC 6 ) 3, 4 , which is difficult to meet the strong demands of high energy density and long cycle life for long term applications such as extended range electric vehicles and large scale renewable energy storage. Therefore, the next generation
LIBs with a high power density must be implemented using advanced delithiation/lithiation materials as alternative electrode choices.
Group IV elements, such as silicon, germanium, and tin as promising anode materials for the LIBs were extensively investigated by experiments and computational simulation methods 3, [5] [6] [7] [8] . Among them, Si was paid considerable attention because of its higher theoretical specific capacity (~3579 mA h g -1 for Li 15 Si 4 at room temperature), low cost and abundant resources. However, there is an apparent shortcoming, i.e., Si is easily pulverized upon charging and discharging due to the large volume expansion and shrinkage 3, 4, 9, 10 .
Tremendous efforts have been made to overcome this problem using Si nanostructures [11] [12] [13] [14] , nano-composites of Si with C nanofiber [15] [16] [17] [18] 
Computational details
The crystalline Li 12 Table 1 . A supercell with 152 atoms was used in the present work.
The calculations were performed using density functional theory as implemented in the Vienna ab initio package (VASP) 41 with a plane wave basis set. The projector augmented wave (PAW) method 42 was used to describe electron-ion interactions, and the generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE) function was used to describe the electron exchange-correlation. The K-point mesh for optimization lattice parameters and the calculations of defect formation energies were set to 4×2×2. The plane wave basis-set with a cutoff of 450 eV was used and all atoms were fully relaxed using the conjugate gradient approximation (GGA) until the force on every atom is smaller than 0.02 eV/Å 43, 44 . A climbing image nudged elastic band (CI-NEB) 45 method was used to study the energy curves for Li ions from one stable site to a neighboring stable one.
The formation energy of Li vacancy in the Li 12 Si 7 alloy E f (Vac Li ) was calculated using the equation (1): Ab initio molecular dynamics (MD) simulations were performed within the framework of DFT as implemented Spanish Initiative for Electronic with Thousands of Atoms (SIESTA) code [49] [50] [51] [52] . All calculations were performed using the 152 atoms supercell with one Li vacancy.
The valence electron wave functions were expanded using a double-ζ basis set. The charge density was projected on a real space grid with a cut-off of 150 Ry to calculate the self-consistent Hamiltonian matrix elements, and Γ point was used in the Brillouin zone sampling. The evolution of the system was derived using the MD method with a verlet 
Results and discussions
The vacancy formation energies of 13 crystallographic Li atoms in the Li 12 Si 7 are shown in Fig. 2(a) 37 The site dependence of the vacancy formation energy can be explained by the differences in the local atomic environments (as shown in Fig. 2 (b) ): (1) Li3 is bound to two 5Si-rings with 4
Li-Si bonds and one 4Si star with one Li-Si bond, and Li6 is sandwiched between two 5Si rings and bound tightly to 5Si-ring with 10 Li-Si bonds. Therefore, Li3 and Li6 are tightly bound to the Zintl anions in the structure, thus having large vacancy formation energies; (2) Li2 and Li4
ions are bound to three 5Si-ring with 5 Li-Si bonds; (3) Li12 and Li13 ions are bound to both two 5Si-ring with 2 Li-Si bonds and one 4Si star with one and three Li-Si bonds, respectively; (4) other Li ions are weakly bound to the Si atoms, so they are mobile with low vacancy formation energies.
We calculated several Li ion diffusion paths in the Li 12 Si 7 through Li vacancy migration.
The diffusion energy curves are shown in Fig. 3 (a) , and the corresponding diffusion paths are shown in Fig. 3 (b) . Based on Fig. 3 (a) , the diffusion barriers for the Li ions migrating from From the above results, it can be concluded that the 13 distinct crystallographic lithium atoms can be divided into three types: i.e., (1) Li1, Li5, Li7-Li12 atoms, which show fast diffusion process; (2) Li3 and Li6 atoms, which have a low mobility and bounded to the silicon; (3) Li2, Li4 and Li13 atoms, which have medium mobility. The Li atoms with fast, medium and low diffusion mobilities are shown in Fig. 5 with green, pink and red balls, respectively. It can be observed that the fast diffusion Li atoms are distributed within one dimensional column, which agrees well with the quasi-one dimensional diffusion channels observed by Kuhn et al. 27 using the NMR technique.
Conclusions
The Li ion dynamics in crystalline lithium silicide Li 12 Si 7 were investigated using density functional theory. The vacancy formation and diffusion of lithium ion show strong dependence on crystallographic lithium sites. The thirteen crystallographic lithium atoms can be divided into three types with high, medium, and low motilities, and their typical diffusion barriers are 0.18, 0.36 and 0.52 eV, respectively. Eight of thirteen Li sites take part in the fast diffusion process, and are distributed within one dimensional column, showing a fast one dimensional diffusion channel. Large vacancy formation energies are corresponding to the large diffusion barriers and low probability to migrate. 
